A small portable transfer radiometer has been developed as part of an effort to ensure the quality of upwelling radiance at automated test sites used for vicarious calibration in the solar reflective. The test sites, such as the one located at Railroad Valley, are used to predict top-of-atmosphere reflectance relying on ground-based measurements of the atmosphere and surface. The portable transfer radiometer is designed for one-person operation for on-site field calibration the instrumentation used to determine ground-leaving radiance. The current work describes the laboratorybased calibration of the transfer radiometer highlighting the expected accuracy and SI-traceability. Results from recent field deployments of the transfer radiometer are presented to show how the sensor is to be used for 1) evaluating the health of the automated site radiometers, 2) characterizing the surface being measured at the automated test sites, and 3) assessing the error budget for top-of-atmosphere reflectance prediction the test site characterization. Additionally, results from using the transfer radiometer for a radiance-based calibration of the Operational Land Imager are presented.
INTRODUCTION
While extensive efforts are often taken to characterize and calibrate satellite-based prior to launch, it is widely agreed that post-launch assessment of the sensor's behavior is warranted. Radiometric calibration is a key element of this onorbit assessment to determine any optical or other sensor degradation in going to orbit or while the sensor is on orbit. Onboard calibrators are one accepted method as are vicarious calibration approaches. The large number of imaging sensors expected to be launched within the government and commercial sectors points to the need for a vicarious calibration approach that provides an SI-traceable vicarious method that would allow a large number of sensors to be placed on a single radiometric scale.
The Radiometric Calibration Network (RadCalNet) is one method to address the above need. The overall approach is that data from automated sites are provided to a single organization for processing to provide TOA reflectance that is suitable for vicarious calibration of a sensor viewing one of the networked sites. The data are made available through a web site to registered users, though at no cost to those users. The use of automated collections over multiple sites is well suited to allow inter-comparisons of a large number of sensors that can resolve the area of the ground being characterized. Ensuring that the in-situ data from those sites are SI-traceable with known error budgets allows the combination of results from the multiple sites in a straightforward fashion.
Developing the error budgets and demonstrating SI-traceability for the individual sites becomes a key tenet of RadCalNet. A joint campaign was organized to understand such factors leading to one of the recommendations from the lessons learned during the joint field campaigns to Tuz Golu, Turkey was:
A standardised radiometer should be developed that can act as transfer standard to link test-sites traceability [1] .
The recommendation recognized that such a radiometer would likely have limited bands, field of view, or portability that would limits its use in characterizing a test site. The radiometer would, however, provide a means to ensure the calibration of the instrumentation across multiple groups. Ideally, each group would have its own individual radiometer, but the advantage to a detector-based approach is that such a radiometer could be used as a travelling standard, allowing a few groups to shoulder the costs of developing and operating the radiometer.
develop a small portable transfer radiometer [2] . A key advantage of the instrument's portability and robust design is that it is suitable for a variety of calibration approaches including broadband lamp-and solar-based methods as well as narrow-band detector-based approaches.
The current work describes results from the laboratory-based calibration including assessments of absolute radiometric calibration, linearity, signal-to-noise ratio, spectral response, and spatial response. Results are presented from field deployments of the instrument to the Railroad Valley test site that is part of the RSG's Radiometric Calibration Test Site (RadCaTS) [3, 4] . The field deployments demonstrate the utility of a portable but reliable radiometric standard for field measurements.
A brief overview of the design of the Calibration Test Site, SI-Traceable Transfer Radiometer (CaTSSITTR) is provided in Section 2 followed by the results of the laboratory calibration and characterization effort in Section 3. An alternative calibration approach using the sun as a source are given in Section 4 along with examples of how the radiometer is to be used in the field for uncertainty evaluation. Section 5 provides results for the calibration of the Landsat-8 Operational Land Imager using a radiance-based calibration.
FIELD TRANSFER RADIOMETER
The design of the field transfer radiometer has been described previously [2] . An overview of the design is presented here for reference. The field transfer radiometer was developed to provide an SI-traceable standard in the field to validate the quality of radiometric measurements in the field. The design goal of the instrument was to be one-person, one-trip portable such that a single person can transport the radiometer along with the entire power and data acquisition systems and everything necessary to perform a radiance calibration in a single trip from the vehicle used to access the test site. An efficient data collection scheme was a key design driver but without loss of accuracy or sensor stability.
The threshold design is that the transfer radiometer must perform better than the systems it is used to study. The radiometer described in the current work was specifically designed for calibration of the automated radiometers deployed at the Railroad Valley Playa, Nevada with plans to use the radiometer as part of evaluating the accuracy of data from the RadCalNet sites. This led to a set of performance requirements as shown in Table I . The opto-mechanical design followed the basic approach of the ground-viewing radiometers (GVRs) used as part of RadCaTS [5] while focusing on size and weight reductions wherever possible while maintaining instrument effectiveness. The GVR design differs from CaTSSITTR in that it has a single-aperture with a seven-channel filter wheel with commercial, off-the-shelf interference filters. The sensor is optically unpowered relying on two precision apertures to define its 10° field of view. The apertures are machined from stainless steel, as is the detector baseplate, to minimize thermal expansion effects. Stainless steel also has the advantage of minimizing corrosion effects from operating in the field environment.
All signal related electronics are mounted with space-grade thermal epoxy to a heated copper block allowing all critical electronic components to be temperature controlled to a set point of 308 K. Also mounted to the copper block is the single silicon-based detector for the instrument. The signal related components are upgraded versions relative to the GVR circuit boards relying on components that are similar to laboratory-grade transfer radiometers developed by RSG [6, 7, 8] . The power system design provides clean power for a reasonable collection time period but is both small and rapidly charged. The data collection system relies on a high-resolution voltage data logger coupled wirelessly to handheld storage devices. Figure 1 shows a backside view of the radiometer and an image of the instrument being used at Railroad Valley Playa, Nevada in October 2016 including the operator to provide scale. The radiometer view shows the entire system excluding the data logger that mounts to the two pins shown. The deployed radiometer shows the data logger as well as the front aperture tube that is not visible in the backside view. 
Linearity
The linearity the mechanic Figure 1 . A
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and characteri s in Table I A linear fit was performed to the CaTSSITTR output for all radiance levels from the SIS. The linearity error is computed as the difference between the output to the linear fit. The linearity results are reported in Table III for the 550-nm band as a percentage of the radiance level. The values are given at 550 nm since this channel is nearest to the diode wavelength used in the feedback control of the SIS. The results meet the requirement for linearity error for both gains and all radiance levels. The results are similar for other channels giving confidence both in the linearity behavior of the source as well as that of the radiometer. 
Stray light
One key use for CaTSSITTR is to evaluate the radiometric calibration of field radiometers used for vicarious calibration. The approach that is to be used is near coincident views of surfaces in the field included reference diffusers of finite size.
The planned samples to be used are factors of three larger than the designed field of view of the radiometer, but it is important that the transfer radiometer signal viewing the samples is not affected by out-of-field response.
The out-of-field stray light evaluation is done using a lollipop test in conjunction with the RSG's large, 100-cm SIS with its large aperture in place that provides a wide-field source. The advantage to the large SIS is that it provides a more uniform output than the small SIS but the disadvantage is that the output radiances are lower. The transfer radiometer views the large SIS in its 1500 W configuration providing the full-field measurement.
A lollipop obstruction is placed in front of the aperture of CaTSSITTR to provide the obstructed view. The size of the lollipop is designed to match the field of view of the radiometer when placed at the appropriate distance from CaTSSITTR. The output from a perfectly constructed radiometer would be zero in this configuration. Table IV shows the ratio of the output of the transfer radiometer in the obstructed configuration to the full-field. The results shown meet the required value of 0.01 for all spectral bands. The linearity and SNR results presented in the previous two subsections gives confidence in the quality of the results while the ratios give confidence that the optical design is behaving as designed. 
Repeatability
The repeatability of the radiometer was evaluated using the small SIS. The radiometer was operated in front of the SIS at a given output level. The radiometer was removed from its stand and packed and SIS powered down. The process of setup, measurement, and break down were repeated three days later. Initial results show repeatability of 0.1% at the scale of hour repeatability
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